Abstract: Radiant ceiling panels can be used in large-volume halls, e.g. vehicle repair shops and markets, to heat the entire or specific zones of the enclosed space. The system with radiant panels may be of small water capacity when just one or several units are installed over selected zones to provide additional heating. Depending on dimensions of radiant ceiling panel, its mounting mode and the temperature of its feeding medium, various thermal conditions are created under such panel. Thermal effects are also affected by the mode of thermal or cooling power control and dynamics of such control for an individual radiant panel or a set of panels. The dynamics of attainable radiant ceiling panel capacity was investigated and used as the grounds to determine general requirements for time-domain automatic control programs and those for operation of the controllers. The results presented from the examinations carried out for water radiators are not intended to delineate the requirements for all automatic control loops for water radiators; they are aimed at attracting attention to issues to be considered when preparing the algorithm of automatic control in particular situations.
Introduction
Radiant ceiling panels have become ever more common in heating and/or cooling systems for building spaces of various purposes and sizes. They are fabricated as individual panels to be combined into assemblies (series or sections) of the desired capacity. Such assemblies are used in production halls, shopping malls, warehouses, sporting arenas, exhibition halls, hospitals, schools and office buildings [1] [2] [3] Heating and cooling systems with radiant ceiling panels are intended to provide greater comfort and energysavings compared to convection air systems. They are often combined with air conditioning systems [4] . There are several works on thermal comfort and energy savings in radiant ceiling systems [1, [5] [6] [7] [8] while Simmonds et al. [2] provides the design rules for cooling radiant ceiling panels so as to reduce water condensation on these units, including energy savings and modes of automatic control rules to be applied to radiant ceiling panel systems. Results of examinations for radiant ceiling panels in available literature refer mainly to heating/cooling office rooms rather than large-volume halls.
In large buildings, radiant ceiling panels may be applied to heat up the whole internal space or just specified zones. Various thermal conditions are generated under a radiant ceiling panel depending on its dimensions, mounting mode (height and inclination to the floor), and the temperature of the feeding medium (thermal power). Thermal effects of these units, i.e. the thermal comfort, are also affected by the form and dynamics of thermal or cooling power control applied for an individual radiant panel or a set of panels. In practice, the main control parameter of automatic control is the perceptible temperature inside the room. Both the equipment used in automatic control and the algorithm of automatic operation must consider the properties and dynamics of radiant ceiling panels to control this parameter. When optimum use is made of these characteristics, radiant panel heating system can be operated comfortably and economically. The examinations and review conducted in this paper are meant to draw attention to the issues that need to be considered while preparing automatic control algorithms for low volume installations used for additional heating of acclimatized spaces.
Regulation of water radiator operation
Effective algorithms of automatic control should, to the maximum extent, make use of energy-saving potential and other advantages of systems with radiant ceiling panels. They must consider the required and measured parameters in the room, available input power, the users' needs, and the system's dynamics during start-up, shutting-off, power modulation and operating mode switching over. As a result, the heat comfort conditions in the room, described elsewhere [3] [4] [5] 7] will be met. The power of radiant ceiling panels can be modulated by turning on/off the entire system, some of its zones, or individual panels (e.g. their internal and external zones, or a chequered pattern of panels). Proper division of radiant ceiling panels into such zones, i.e. water circulation circuits with necessary fittings and pumps ( Figs. 1 and 2 ), which make use of the room geometry, its functional area and the modes of operational use, is a decisive factor for the proper utilization of its potential and the quality of power control for specific panel systems. Furthermore, the variability and mode of power control for radiant ceiling panel system are of great importance. In halls with low dynamics of heat gains and losses, the power of radiant ceiling panels can be regulated manually and variations can be introduced just periodically. On the other hand, if heat gains and losses vary intensely, in order to maintain comfortable conditions, immediate compensations by power regulations are necessary, i.e. turning on/of or switching over the panels (heating / 0 / cool- ing). This can refer both to the whole interior of the hall and its individual zones.
Radiant ceiling panels possess no power self-regulation features. When their operating parameters are not regulated or improperly regulated, thermal comfort in their operating zone deteriorates (e.g. heat gains appear, causing perceptible temperature rise under the units). Hence, dynamic and proper automatic control of radiant ceiling panel operation is indispensable.
A fundamental solution consists in dividing the system of radiant ceiling panels into zones and providing them with local control circuits based on perceptible temperature sensors within the panel-affecting area, or individual circulation pump and three-way mixing valve with servomotor. The main control parameter may be the perceptible temperature inside the room (Fig. 1 -left-hand diagram) , the outdoor temperature ( Fig. 1 -right-hand diagram) or both these temperatures (Fig. 2) [9, 10] . The regulation systems based on outdoor temperature only are suitable for structures where internal conditions change rapidly.
The methodology outlined here allows for individual control of operating parameters for particular sections of radiant ceiling panels systems supplied with water from a single source; hence individual control of the temperature in particular areas of the hall. For instance, when no spectators are on the stands in a sporting arena, a local low-standby temperature can be maintained, whereas the pitch receives its regular heating power. During a match with spectators, the three-way valves of the stands are opened and this zone is heated up to maintain the required temperature. An opposite situation is also possible when the whole arena is heated: due to heat gains in the spectator zones, this heating zone may need to be turned off, or the heat gains may even need to be quickly removed. In large-volume halls where people are staying in selected zones (e.g. in vehicle repair halls, municipal vehicle depots or supermarkets), these zones need to be warmed up in periods where employees or customers are present. Both the frequency and time of people absence need to be taken into account. The system with radiant heaters may be started without any warm up time, and its control may be dependent on the intermittent occupancy. When an occupancy schedule is known, the system can be turned off prior early causing no deterioration in the heat comfort. From the situations outlined, it is evident that the dynamics of radiant ceiling panel operation in a hall under various conditions and for various requirements needs to be better understood.
Outline of experimental testing stand
A measuring stand was set up to conduct experiments aimed at determining thermal conditions and preparing automatic control algorithms for efficient and energysaving operation of systems with radiant ceiling panels. The stand allowed for examination of one or two radiant ceiling panels simultaneously (placed adjacent to each other). They were fixed on a special structure that allowed adjustment of their height above the floor (up to 6 m) and their inclination with respect to the floor. An automatic control system based on freely programmable logic controller (PLC) was applied. It allowed for both simple and sophisticated control algorithms and selection of the main control variable from several options: the air temperature under the radiant panel, the feeding medium temperature, the return medium temperature at panel outlet, or the radiant panel surface temperature. It was possible to operate the automatic control system as constant value control, follow-up control, program control (timing patterns) or other complex mode. Figure 3 illustrates the testing stand and the measuring circuit diagram. The radiant panels were supplied with heating medium from a 6 kW electric heating boiler. The hot water temperature could be continuously controlled from 40 to 85°C. Cooling action was provided by an 18.8 kW chilled water generator (Freon R 407C). A plate heat exchanger was used to connect the radiant panels with the chilled water system. The measuring circuit recorded the following variables:
• indoor air temperature below the radiant panel, t p (°C);
• indoor air temperature in other parts of the hall, t pp (°C);
• panel surface temperatures, t 1 -t 10 (°C);
• heating medium temperature at the boiler outlet, t zas1CO , and at return to the boiler, t pow1CO (°C);
• heating medium temperature at the radiant panel inlet, t zas2 , and at the panel outlet, t pow2 (°C);
• cooling medium temperature at the chilled water generator outlet, t zas1Ch , and return to the chilled water generator, t pow1Ch , (°C);
• outdoor temperature, t zew (°C).
Measurements of the process variables were taken using the automatic control system, which was equipped with the following measuring elements:
• temperatures of radiant heater surface were taken using 10 thermistor-type contact sensors, Class NTC20kΩ, with measuring range 0...110°C, and accuracy of 0.3 K±1%.
• temperatures of circulating medium were taken with fast submersible sensors, Class NTC20kΩ, with measuring range -20...140°C, and accuracy of 0.3 K±1%.
• internal air temperature was measured with thermistor-type sensor, Class NTC20kΩ, with measuring range -15...40°C, and accuracy of 0.3 K±1%.
• internal air humidity was taken with capacitancetype relative humidity sensor with measuring range 0...95% and accuracy of ±3%.
Mean ambient radiation temperature was measured by Vernon globe thermometer with measuring range -20…50°C and accuracy of ±0,2°C. Internal air flow speed was measured by a multifunction measuring instrument coupled with probe 0635-1540 with measuring range 0…2.5m/s and accuracy of 0.03m/s ±4%.
All sensors were installed as recommended by manufacturers and metrology practice pertaining to the variables under measurement. The measuring system provided real-time visualization of the parameters on-screen and recorded them on a data server.
The radiant ceiling panels used in this work were manufactured by Zehnder [9] , type ZBN 1310/8, 3 m long, suspended 3 m over the floor.
The solutions adopted for automatic control can be evaluated by application of various criteria. With the present set-up precise examinations of radiant panels under real and simulated operating conditions could be made. Such examinations allowed for determination of panel efficiency, energy consumption and dynamics. Special attention was paid to the radiant panel power control resulting from dynamic changes of heat gains in the room. The results were used to determine the requirements for time algorithms of automatic control and controller operation. Furthermore, an evaluation of thermal comfort dissatisfaction due to radiant temperature asymmetry was also conducted.
Results and discussion
Turbulent flow conditions must be maintained within the heating medium in radiant panels; hence their heating output may only be modified on a qualitative basis. If the medium flow rate is reduced, it causes laminar flow in panel pipes and uncontrolled drop of its power, and therefore cannot be accurately controlled in automatic mode.
During experiments, no additional activity took place in the acclimatized hall that could influence thermal conditions inside the room. The average temperature range at the hall measured under the radiant panel system, when the system was idle, was 18.5 to 21.6°C, and was lower than the ambient temperature. The ambient temperature only increased above these average values when the radiator was supplied with water heated up to 85°C. The temperature value in the remaining part of the building facility, outside the radiator heating zone, was close to the air temperature under the radiator. Airflow speed under the radiator was relatively low, oscillating between 0.1 to 0.2 m/s. Relative air humidity varied from 42 to 60% during all measuring series; there was no contribution source to humidity in the hall. No condensation of humidity on the radiator surfaces was observed. 
Dynamics of radiator self-cooling
When large heat gains appear rapidly in the room, it is desirable to cool down the panel quickly, so as to stop it from supplying heat to the room. The cooling down time for the heated panel was examined in two control modes:
1. shut-off heat delivery while maintaining the flow in circulation circuit (the three-way valve is closed); or 2. shut-off heat delivery and stop the pump in panel circulation circuit.
Average temperature curves were found from a series of tests. The cool down process for the radiant panels is shown in Fig. 4 , where average temperatures of panel surface (average t 1 -t 10 ) and of heating medium at the boiler outlet (t zas2 ) are plotted. In this experiment, prior to heat shut-off, the panel was being fed with water at temperature of t zas2 =58°C and water temperature drop across the panel was 7 degrees. In the case (1) when heat delivery was shut-off while water flow through the unit was maintained, after 20 minutes the difference between the panel feeding water temperature (t zas2 ) and the return water temperature (t pow2 ) was less than 1 degree. When circulation pump was turned off, this same result was reached after 35 minutes. In the system under examination, when radiator was cooled with its return water, the cooling time of radiator surface was unexpectedly extended rather than shortened. In both cases, the average temperature of panel surface dropped rapidly after heat delivery was cut off, and stabilized at a level 3 degrees higher than the ambient air after two hours. The two-hour cooling down time of the radiant panel was considered rather long for the requirements of automatic control dynamics. Cooling the panel with return water proved not to accelerate the process. In the case of significant heat gains in the room, the panel would cool down time would be even longer. Hence, there is a need to remove heat from the panels within as short a time as possible. Further examinations are advisable to find the potential way to accelerate the cooling down process for the radiant ceiling panel, e.g. by flushing with service water at ambient temperature or by quick actuation of a cooling source. The results of such investigations should be considered in preparing control algorithms and timing programs (power modulation and turn-off time calculations). From this study, it can be concluded that after shutting off a specific zone of panels for the purpose of cooling, their circulation pumps can be turned off, which leads to lower electricity consumption, while causing no detrimental change in the dynamics of heat loss by the panel. In order to design automatic control systems, it is advisable to determine the time constant of the panel. On the basis of recorded temperature characteristics of the present experiments, the time constant of the panel cooling process was determined to be 55 minutes. It should also be noted that notable energy-savings could be attained if the system is turned off as early as possible, even when the room is still in use, making use of thermal inertia of the system to temporarily maintain the desired temperature conditions. The results of cooling down dynamics determine the dynamic settings in automatic control algorithms, power modulation of the whole system (switching the sections) and calculations of time to turn off the radiators.
Dynamics of radiator warming up
The warming up time of the panel during system start-up was determined for the following cases:
1. the heat source is started up together with the radiant panels;
2. the heat source is operating continuously with the heating medium circulating at the appropriate temperature prior to turning on the on the panels by opening the three-way valve of panel recirculation circuit.
When making a comparison of data from the measurement series (Fig. 5 ), it appears, for both above cases, that the heating up time of the radiator was relatively short and amounted up to 30 minutes. It should be kept in mind , however, that the experiments utilized a low water capacity system. Earlier operation of heat source causes no appreciable acceleration in heating up time of the panel, as can be seen in Figure 5 , which shows the increase of indoor air temperature under the panel during the start up period. It can be concluded that to start up room heating, it is sufficient to operate the equipment just a few minutes earlier.
In the case of large-capacity system, its thermal inertia must be taken into consideration. These aspect need to be included when preparing control algorithms and time programs (for power modulation and calculation of operating periods). Determination of the minimum start-up time allows turning on the system as late as possible, which leads to notable energy savings, especially in case of frequent actuation of the system, when it is periodically switched over between heating and cooling modes. It is also worth highlighting that radiant panels give up most of its heat by radiation rather than by convection mechanism; therefore people standing under the panel, for example, would feel the heat almost immediately. Figure 6 shows, on the grounds of all experimental series made during heating period, the range of variations of radiant heater surface average temperature depending on the heating medium feeding temperature, t zas1CO . As it is evident from the diagram, the temperature on radiator surface may differ by up to 4 degrees from the feeding temperature. These differences are dependent on the indoor air temperatures. For instance, the temperature of panel surface is lower by about 10 degrees from the supply temperature in case of low temperatures of heating medium (40-60°C), and by about 25 degrees for high temperatures of the medium (70-85°C). Based on the data series, calculations were made for the temperature change of the heating medium inside the radiant heater. At low feeding temperatures, the temperature reduction of the heating medium was 6 degrees, while at high medium temperatures it approached to 12 degrees. As a result, it can be said that the panel surface temperature affects its heating capacity, and therefore it can be used in regulation process. By knowing the relationship between the panel surface temperature and the medium supply temperature, the automatic control system can be simplified, and the number of temperature sensors in the system can also be reduced.
Relationship between average temperature of panel surface and water temperature delivered from the boiler

Dynamics of radiator cooling
Examinations were carried out for cooling process of workstation serviced by chilled water radiator. The intensity of the process was affected by cooling agent temperature. The results are illustrated in Fig. 7 ; it shows that the process was much vigorous and more efficient at lower temperature of cooling agent of 13°C (L1 and L2 curves). The temperature difference for heating medium between the inlet, t zas2 , and at the outlet of the panel, t pow2 , was initially 7 to 9 degrees, and it has stabilized at 1 to 2 degrees after 20 minutes. Average temperature of panel surface was 4 to 5 degrees lower than ambient air. For higher temperature of cooling agent, i.e. 17°C (L3 and L4 curves), the temperature difference between radiator feed water, t zas2 , and return water, t pow2 , was 1 to 2 degrees, and the average temperature of the radiator surface dropped by 3 degrees. Experimental results of radiator cooling dynamics can be used to define the dynamic settings in automatic control algorithms. Determination of the minimum start-up time allows turning on the system as late as possible, thus allowing notable energy-saving benefits, especially when the system is operated in frequent periodical cooling duty.
Heating-to-cooling changing the radiator over
The dynamics of panel surface temperature variations was also examined when switching the operating mode from heating to cooling function (Fig. 8) . During heating, the panel was fed with the water at 58°C (t zas2 ) and the average panel surface temperature was 47°C. During the operating mode switching, water temperature fed to the panel dropped from 58 to 12°C in 20 minutes. Average temperature of panel surface stabilized after 50 minutes: during 25 minutes it dropped to ambient temperature, and in successive 25 minutes it decreased by an additional 4 degrees. It is worth comparing this result to that of the earlier test (Fig. 4) , which showed that the cooling down process after heat source disconnection lasted up to 2 hours (without chilled water).
Rapid switching of the radiant panel from heating to cooling function is technically possible; however high thermal stresses produced could cause damage to some system components, e.g. the heat exchanger. 
Dynamics of panel heating up after the cooling action turned off
It was also investigated how the dynamics of the panel temperature behaved after the cooling mode was turned off. Two scenarios were tested:
1. when the radiator circulation pump is turned off together with the water chiller;
2. when the radiator circulation pump is kept on.
The analysis (Fig. 9) shows that the average temperature of radiator surface rises slowly, and even after one hour the radiator temperature is still below the ambient by about 3 degrees; it takes a further one hour for the surface temperature to approach the ambient level (23°C). It is hence possible to turn off the cooling system prior to expected end of work shift in a commercial or industrial facility, for example. This could allow additional savings in operational costs.
When the cold source is turned off, but the water circulation pump is still running (curve P1, Fig. 9 ), the process proceeds along the same trend as when the pump is turned off (curve S1, Fig. 9 ). Keeping the pump in operation neither accelerate nor decelerate the heating time of the radiator. Thus, for operational economy, it is advisable to turn it off.
All examinations of heating up and cooling down the radiant panel were made under insignificant variations in ambient conditions. It was observed that while they affect the dynamics of processes, they have no effect on observed trends or stabilization time of the working variables. ing warm up to ambient temperature: after turning off the cold source (curve S1,) and when panel circulation pump is maintained in operation (curve P1).
Conclusions
This paper provides results from testing the operational dynamics of a low capacity water radiant heater mounted on a working stand. Operation of radiant heaters in largevolume halls used for additional heating up of individual working stands is different and depends on the object function and the type of work carried out in the facility, which was out of the scope of the present research. Experiments carried out show the most important points that need to be considered while preparing automatic control algorithms, and serve as a basis for further research of automatic control rules as applied to water radiators over working stands. The test results show the possibility of achieving operating savings. By knowing the heating and cooling time of radiators in given temperature conditions, the regulation algorithm of the radiator operating time can be found. In this way the program would realize the latest possible switching on and earliest possible switching off of the radiator. In case of small systems, as the one tested here, the starting time of the system in heating up mode is short, so that turning on the heaters prior to the start of a work shift is not required. On the other hand, thermal inertia of the system allows for turning it off prior to the end of working time, causing no deterioration of comfort under the heater. The turn-on and turn-off times can be dynamically calculated by the automatic control system depending on actual temperature conditions. In many workplaces where radiant heaters are used for individual working stands, it is possible to control the heaters as a function of the presence of employees in operating stands (e.g. when working stands are used periodically, or for specific operations only). Small individual system with radiant heaters exhibits high heating up dynamics and specific thermal accumulation capacity. This makes it possible to actuate radiant heaters automatically on the basis of sensor output detecting people under the heater, and to turn them off individually within specific periods of time. Both control modes, time-dependent and presence-dependent, can be combined to achieve still higher savings in electricity and thermal energy, as a result of optimum heat and cold control. Both the automatic control equipment and the operating algorithm for such automatic control system must consider the properties and dynamics of radiant ceiling panels. Proper use of this information may allow comfortable and economic usage of the heating system. According to the present study, energy savings could reach 30%. It is recommended that more detailed economical analyses be made considering operational dynamics of water radiators. Further work on these topics is planned by the present authors to conduct consecutive tests using water radiators in which the parameter regulated will be supply or return water temperature, as well as the average temperature of panel surface.
